Previously we have reported that Legionella pneumophila can mediate plasmid DNA transfer at a frequency of about 10 ¹3 transconjugants per donor and that this process is dependent on several icm genes. Here we characterize the icm-dependent conjugal ability of L. pneumophila and study its relationship to intracellular multiplication and host cell killing. We found that three icm genes and the RSF1010 mobA gene are completely required and that three icm genes and the RSF1010 mobC gene are partially required for conjugation. Conjugation occurred during lag phase and stopped when the cell number increased. Inhibition of transcription or translation in the donor had only a minor effect on conjugation frequency. These results suggest that stationary-phase bacteria contain a functional icm complex that can mediate conjugal DNA transfer and probably can initiate infection of human macrophages as well. We also found that a functional RSF1010 mobilization system inhibits intracellular multiplication and killing of human macrophages by L. pneumophila. The strongest inhibition was observed in icm insertion mutants complemented with wild-type icm genes on an RSF1010-derived plasmid. These results suggest that the conjugation substrate probably competes with the natural substrate of the L. pneumophila icm system for transfer outside the bacterial cell. We propose that the function of the L. pneumophila icm system is to transfer effector molecules to the host cell. These effector molecules may interact with components of the host cell that are involved in phagosome formation and fate.
Introduction
Legionella pneumophila, the causative agent of legionnaires' disease, is a broad-host-range facultative intracellular pathogen. The bacteria are able to infect, multiply within and kill human macrophages as well as free-living amoebae (Horwitz and Silverstein, 1980; Fields, 1996) . The bacteria are taken up by a 'coiling' mechanism (Horwitz, 1984) and are found within a specialized phagosome that does not fuse with lysosomes or acidify (Horwitz, 1983a; Horwitz and Maxfield, 1984) . The bacteria multiply within the specialized phagosome until the cell eventually lyses, releasing bacteria that can start new rounds of infection.
Several years ago a region of genes (icmA -dotA) required for macrophage killing and intracellular multiplication was discovered (Marra et al., 1992; Berger et al., 1994; Brand et al., 1994) . More recently, a second region containing an additional 16 genes (icmTSRQPOMLKE-GCDJBF ) required for macrophage killing and intracellular multiplication was described (Segal and Shuman, 1997; Andrews et al., 1998; Purcell and Shuman, 1998; Segal et al., 1998; Vogel et al., 1998) , and the icmA -dotA region was found to contain an additional three genes (dotBCD ) involved in macrophage killing . Most of the proteins encoded by these genes are predicted to be located in the bacterial inner membrane, and four of them (icmP, O, E and L ) were found to share significant sequence similarity with plasmid-encoded genes involved in DNA transfer (Segal and Shuman, 1997; Segal et al., 1998; Vogel et al., 1998) . In addition, it was shown that L. pneumophila can conjugate RSF1010-related plasmids and that this process is dependent on several icm genes (Segal and Shuman, 1997; Segal et al., 1998; Vogel et al., 1998) .
Other virulence-related systems that have been shown to be used for macromolecular transfer contain genes with sequence similarities to genes involved in conjugation. The vir system of Agrobacterium tumefaciens that transfers T-DNA to plant cells, the pertussis toxin ptl exporter of Bordetella pertussis and the tra conjugative system of the IncN plasmid pKM101 are closely related to one another (Winans et al., 1996) . Although only two icm/dot genes (icmE and dotB ) share weak sequence similarity with A. tumefaciens vir genes (virB10 and virB11 respectively), both the A. tumefaciens vir system and the L. pneumophila icm system are able to conjugate RSF1010-related plasmids between bacteria in a vir/icmdependent manner (Beijersbergen et al., 1992; Segal et al., 1998; Vogel et al., 1998) . This information strongly suggests that the systems share functional similarities.
The aim of the study presented here was to determine whether the ability of the icm gene products to mediate conjugation is related to their role in intracellular multiplication and host cell killing. One hypothesis is that the role of icm gene products in conjugation is not related to their function in intracellular multiplication and human macrophage killing. A second hypothesis is that the two functions are somehow connected to one another. The results presented here clearly show that the presence of a functional RSF1010 mobilization system in wild-type and complemented icm mutants of L. pneumophila inhibits intracellular growth and killing of HL-60-derived macrophages and thus support the second hypothesis.
Results
Previously it has been shown that the icm/dot gene products participate in two functions: (i) all the icm/dot gene products are required for intracellular multiplication and host cell killing; and (ii) several icm/dot gene products are required for RSF1010 conjugal DNA transfer. To understand the relationship between the conjugation and the intracellular multiplication/host cell killing functions of the icm/dot gene products, we first determined which icm/dot genes are required for the RSF1010 conjugation and characterized the molecular requirements for the RSF1010 conjugation.
Mutations in six icm genes decrease plasmid conjugation
To measure unidirectional conjugation, we used an icmT Rif-resistant strain (LELA4086R) as a recipient. The icmT insertion mutant had been shown previously to be completely unable to donate plasmid DNA (Segal et al., 1998) . By using the icmT insertion mutant as a recipient, the possibility that a recipient will serve as a donor after receiving a plasmid was eliminated. Figure 1A shows the results obtained with the unidirectional conjugation system. Mutations in three genes (icmT, icmR and dotA) completely abolished conjugation, whereas mutations in three other genes (icmF, icmE and icmC ) resulted in a small decrease in conjugation frequency. Insertion mutations in 12 icm genes (icmS, icmQ, icmP, icmO, icmM, icmL, icmK, icmG, icmD, icmJ, icmB and icmX ) had no effect on conjugation.
The defects in conjugation frequency were complemented to wild-type levels by plasmids: pGS-Lc-37, pGS-Lc-36, pGS-Lc-47 and pMW-100 for insertions in icmT, icmR, icmE and icmF respectively. Only partial complementation was observed for the icmC insertion mutant with pMW-100 (data not shown). These plasmids had already been shown to complement the same insertion mutants for intracellular multiplication and killing of HL-60-derived macrophages (Segal and Shuman, 1997; Purcell and Shuman, 1998; Segal et al., 1998) .
Several icm insertion mutants are better recipients
To find out whether the lack of icm products would influence the ability of the mutants to act as a recipient, we A. pMMB207␣b conjugation frequencies with icm mutants as donors. The icmT insertion mutant (LELA4086R) was used as a recipient in all the matings. Different icm insertion mutants containing pMMB207␣b were used as donors. Results are shown for strains that were found to be different from wild type. The donor strains tested were wild-type JR32, LELA4432 for icmE, MW645 for icmC, LELA1718 for icmF, LELA4086 for icmT, LELA3278 for icmR and LELA3118 for dotA . The other strains tested containing insertions in icmSQPOMLKGDJBX and lphA are listed in Table 2 . B. pMMB207␣b conjugation frequencies with icm mutants as recipients. The wild-type strain (JR32), containing pMMB207␣b, was used as a donor in all the matings. The recipient strains tested were wild-type JR32R, LELA4432R for icmE, MW645R for icmC, LELA1718R for icmF, LELA4086R for icmT, LELA3278R for icmR and LELA3118R for dotA . (transconjugants/recipients are shown on a log scale).
tested the ability of insertion mutations in icm genes that had been found to be required for conjugation for their ability to serve as recipients. Rif-resistant derivatives were isolated from strains containing insertion mutations in icmT, icmR, icmE, icmC, icmF and dotA. These strains were used as recipients in conjugation experiments with a wild-type strain (JR32) containing pMMB207␣b as a donor (Fig. 1B) . Strains containing insertion mutations in icmT, icmR and dotA were found to have higher (fivefold) conjugation frequencies than the wild-type strain. A similar increase in conjugation frequency was observed when the icmF insertion mutant was used as a recipient. No change in conjugation frequency was observed when strains containing an insertion in icmC or icmE were used as a recipients.
In other species, alterations in cell-surface properties influence the ability of strains to act as recipients. For example, it has been shown that Salmonella and E. coli strains that contain mutations that alter lipopolysaccharide or mutations in the ompA gene have reduced conjugation frequency when used as recipients (Duke and Guiney, 1983; Anthony et al., 1994) . This reduction in conjugation frequency probably happens because of changes in the bacterial cell surface caused by the mutations. We think that the differences in conjugation frequency between wildtype L. pneumophila and icm mutants are due to changes in the bacterial cell surface caused by the lack of the icm system in the recipient, these changes may increase the efficiency of mating-pair formation and result in the higher conjugation frequency seen in some icm mutants.
Plasmid mob genes are required for conjugation It is known from work carried out on RSF1010 and related plasmids that the mobA gene product is an essential component for RSF1010 mobilization. MobA was shown to bind and produce a single-strand break at oriT and then covalently bind to the exposed 5Ј end of the plasmid DNA. The conjugation substrate of this plasmid is a nucleoprotein complex composed of MobA, single-stranded plasmid DNA (ssDNA) and single-strand DNA-binding proteins (SSBs) that coat the ssDNA (Scherzinger et al., 1992; Scherzinger et al., 1993; Henderson and Meyer, 1996; Zhang and Meyer, 1997) .
To learn about the molecular requirements for the substrate that conjugates via the L. pneumophila icm system, we mutagenized the mobilization region of the plasmid pMMB207␣b. Four plasmids with Km insertion mutations located in the plasmid mobilization region ( Fig. 2A) were tested for their effect on conjugation frequency, and the results are shown in Fig. 2B . Two plasmids containing an insertion in mobA (pMMB207␣b-Km-3 and pMMB207␣b-Km-14) completely lost their ability to conjugate. The two plasmids with insertions located in mobC (pMMB207␣b-Km-1 and pMMB207␣b-Km-19) had reduced conjugation frequency in comparison with pMMB207␣b. One plasmid with an insertion located outside the mobilization region (pMMB207␣b-Km-6) had no change in conjugation frequency ( Fig. 2B ).
Next, we tested whether the mobilization region of pMMB207␣b is the only part of the plasmid required for conjugation. First, we tested the conjugation frequency of the vector pBC-SKþ, which does not contain any mobilization related genes, and a very low conjugation frequency was observed (10 ¹7 transconjugants/donor) ( Fig. 2C ). When the oriT region of pMMB207␣b was cloned into pBC-SKþ (pGS-con-2), no change in conjugation frequency was observed in comparison with the vector. However, when the whole mobilization region of pMMB207␣b was cloned into pBC-SKþ, the resulting plasmid (pGScon-3) was found to have a conjugation frequency similar to the one of pMMB207␣b ( Fig. 2C ). When the mobilization region of pMMB207␣b was cloned into pBC-SKþ without the mobC gene (pGS-con-4), a similar result to the one observed with the two plasmids containing insertions in mobC (pMMB207␣b-Km-1 and pMMB207␣b-Km-19) was found (compare Fig. 2B and C).
The fact that MobA and MobC were found to be required for high-frequency plasmid conjugation by the L. pneumophila icm system is consistent with the idea that the conjugation substrate is a nucleoprotein complex, probably similar to the RSF1010 conjugation substrate that is transferred by the RP4 tra system and the A. tumefaciens vir system (Buchana-Wollaston et al., 1987; Scherzinger et al., 1992) . This conclusion was also supported by the fact that the addition of DNase (10 mg ml ¹1 ) into the mating mixture had no effect on conjugation frequency.
Conjugation occurs during lag phase
Currently, there is little information available about when icm gene products are present in the bacteria. To gain some information related to this question we examined the formation of transconjugants as a function of time after mixing of donor and recipient. A standard conjugation experiment was performed starting from stationary-phase donor (JR32 containing pMMB207␣b) and recipient (JR32R). At intervals of 1 h the number of transconjugants, donors and recipients was determined ( Fig. 3 ). During the first 6 h no increase in the number of donors or recipients was observed ( Fig. 3A) , but an exponential increase in the number of transconjugants was found ( Fig. 3B ). Between 6 and 8 h after starting the mating, a 10-fold increase in the number of donor and recipient cells was found (Fig. 3A) , and the same degree of increase was also observed in the number of transconjugants ( Fig. 3B ). When the conjugation frequency was calculated ( Fig. 3C) , it became clear that conjugation stops when the number of donor and recipient colony-forming units (cfu) starts to increase, and that the increase in the number of transconjugants between 6 and 8 h after starting the mating was due to replication of the already existing transconjugants. If replication and conjugation were happening at the same time, an increase in conjugation frequency should have been observed also during the 2 h in which replication occurred. This experiment was repeated three times and the same result was obtained. No additional increase in conjugation frequency was observed up to 72 h after the mating started.
We tried to find out whether conjugation can restart after replication stops by transferring a filter containing the mating mixture after 24 h of mating to a new plate, but no change in the number of donor, recipient or transconjugants was observed. We also tried to wash the conjugation mixture to remove putative inhibitors of growth and/or conjugation and put it on a new plate and got the same result. We assume that the bacterial density somehow stops the bacteria from restarting conjugation on a new plate.
The fact that conjugation occurs at lag phase indicates that the icm gene products were present and active during this period. A similar lag phase (in terms of its length) to the one observed on plates has also been reported to occur when L. pneumophila enters human macrophages (Horwitz, 1983b) . During this period, the L. pneumophila specialized phagosome is established and remarkable trafficking events occur in the cell (Horwitz, 1983a,b; Swanson and Isberg, 1995) . It is possible that during this time the icm gene products are active and are contributing to the establishment of the phagosome.
Translation and transcription are not required for conjugation in the donor The ability to start conjugation almost immediately after stationary-phase donor and recipient were placed together indicates that the icm conjugation machinery was already present in the bacteria when donor and recipient were mixed. To test this hypothesis, we performed several conjugation experiments on plates containing transcription (Rif) or translation (Km) inhibitors. The results of these experiments are presented in Table 1 . When matings were carried out with sensitive donor and recipient, no transconjugants were found (matings 1 and 2 in Table  1 ). The results of these first two matings clearly indicate that translation and transcription are required for conjugation to occur. In contrast, when conjugation was carried out with resistant recipient and sensitive donor, only a small reduction in conjugation frequency was observed (matings 3-5 in Table 1 ). However, when conjugation was carried out with resistant donor and sensitive recipient, very few transconjugants were found (matings 4 and 5 in Table 1 ). The effect of the presence of the inhibitors during conjugation was also tested with resistant donor and recipient (matings 6 and 7 in Table 1 ), and no reduction in conjugation frequency was observed in comparison to matings on CYE plates. These results clearly demonstrate that there is no need for transcription or translation in the donor in order for conjugation to occur.
Taken together with the data presented in the pervious section, these results strongly suggest that stationaryphase bacteria already contain a functional icm machinery that mediates conjugation between bacteria and may also operate during infection of human macrophages.
Conjugal components inhibit killing of HL-60-derived macrophages by L. pneumophila
The requirement of several icm gene products in order to conjugate RSF1010-related plasmids between bacteria is consistent with the idea that Icm proteins form a macromolecular transfer complex that may also serve during infection in order to transfer a molecule(s) into the host cell. If this hypothesis is true, RSF1010 transfer might compete with the natural substrate(s) of the icm system. To test this hypothesis, we compared the ability of strains containing different plasmids to kill HL-60-derived macrophages. The introduction of a plasmid that conjugates at high frequency (pMMB207␣b) to wild-type L. pneumophila (JR32) caused a reduction of about eightfold in the ability of the bacteria to kill HL-60-derived macrophages (comparing the number of bacteria required to kill half of the ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 30, [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] 
GS3004 þ pMMB207␣b (CmþKm) LELA4086R (KmþRif) þþþ þþþ þþ a. þþþ ¼ 10 ¹2 -10 ¹3 ; þþ ¼ 10 ¹3 -10 ¹4 ; Ϯ ¼ 10 ¹6 -10 ¹7 ; ¹ ¼ > 10 ¹7 transconjugants/donor. monolayer) (Fig. 4A ). When strains containing derivatives of pMMB207␣b with Km insertion in mobA or in mobC (pMMB207␣b-Km-1) were tested for their cytotoxic effect, no difference from the wild-type strain (without any plasmid) was observed (Fig. 4A) . When a strain containing a derivative of pMMB207␣b with a Km insertion outside the mobilization region (pMMB207␣b-Km-6) was tested, a similar reduction in cytotoxicity, like the one observed with pMMB207␣b, was found ( Fig. 4A ).
Conjugal components inhibit intracellular multiplication of L. pneumophila in HL-60-derived macrophages
The ability of wild-type L. pneumophila containing different plasmids to multiply within HL-60-derived macrophages was determined by assaying the change in bacterial cfu during infection. As can be seen in Fig. 4B , wild-type L. pneumophila containing RSF1010-derived plasmids that conjugate at high frequency (pMMB207␣b and pMMB207␣b-Km-6) had reduced ability to multiply within HL-60-derived macrophages in comparison with wildtype L. pneumophila without RSF1010-derived plasmids.
In contrast, wild-type L. pneumophila containing RSF1010derived plasmids that conjugate at low frequency (pMMB207␣b-Km-1 and pMMB207␣b-Km-14) had the same ability to multiply within HL-60-derived macrophages as the wild-type strain without plasmids. The difference in the ability to multiply within HL-60-derived macrophages was the highest (about 10-fold) between 40 and 60 h after infection. This result fits well with the results presented in the previous section, indicating that there is about eightfold reduction in cytotoxicity for HL-60-derived macrophages (tested 48 h after infection), with the same strains that had reduced ability to multiply within HL-60-derived macrophages.
Conjugal components inhibit complementation of icm mutants for intracellular multiplication
In several cases in the past, when icm insertion mutants were supplied with wild-type copies of the mutated genes and tested for their icm phenotype, very low levels of complementation were observed (Segal and Shuman, 1997) . The plasmids that were used for complementation were derived from pMMB207␣b, which contains a functional mobilization system. To test whether the presence of the mobilization system was responsible for the low level of complementation, we measured the ability of plasmids carrying the icmTS, icmR and icmPO genes but lacking the mobA gene to complement strains with mutations in icmT, icmR and icmO. The results of these experiments A. The effect of conjugation on cytotoxicity of L. pneumophila strains for HL-60-derived macrophages, and B. on intracellular multiplication of L. pneumophila in HL-60-derived macrophages was tested. HL-60 cells were differentiated and infected in microtitre wells as described in Experimental procedures. In both parts of the figure JR32 (B) ; 25D (ࡗ); JR32 containing pMMB207␣b (W); JR32 containing pMMB207␣b-Km-1 (K) (pMMB207␣b with an insertion mutation in mobC ); JR32 containing pMMB207␣b-Km-6 (A) (pMMB207␣b with an insertion mutation outside the mobilization region); JR32 containing pMMB207␣b-Km-14 (S) (pMMB207␣b with an insertion mutation in mobA). are presented in Fig. 5 . The plasmids pGS-Lc-37-14, pGS-Lc-36-14 and pGS-Lc-34-14, which contain an insertion in the mobA gene, complemented to wild-type level two icmT (LELA4086 and GS3011), two icmR (LELA3278 and LELA3473) and one icmO (GS3003) insertion mutants respectively. The intracellular multiplication ability of the strains lacking a functional mobA gene was about 100fold better in comparison with the strains with the plasmids pGS-Lc-37, pGS-Lc-36 and pGS-Lc-34, which contain the same DNA fragments (icmTS, icmR and icmPO respectively) but with a functional mobA gene.
These results clearly demonstrate that a functional RSF1010 mobilization system inhibits intracellular multiplication of L. pneumophila. It is possible that a greater inhibition was observed with complemented mutants than with wild-type L. pneumophila because the complemented mutants may contain limiting amounts of the transfer complex.
Discussion
L. pneumophila is a broad-host-range facultative intracellular pathogen that overcomes many natural host defence mechanisms enabling it to cause disease in man. Like Mycobacterium tuberculosis (Armstrong, and D'Arcy Hart, 1971 ), Chlamydia psittaci (Friis, 1972) and Toxoplasma gondii (Jones, and Hirsch, 1972) , L. pneumophila multiplies within human cells inside a specialized vacuole that does not fuse with secondary lysosomes (Horwitz, 1983a) . In nature, L. pneumophila use similar mechanisms to infect and multiply within freely leaving amoebae (Abu Kwaik, 1996; Bozue and Johnson, 1996; Fields, 1996) . Recently, several newly described genes involved in L. pneumophila -macrophage interaction have been described (Segal and Shuman, 1997; Andrews et al., 1998; Purcell and Shuman, 1998; Segal et al., 1998; Vogel et al., 1998) . Together with previously identified icm/dot genes (Berger et al., 1994; Brand et al., 1994) , 23 icm/dot genes located in two unlinked regions on the L. pneumophila genome have been identified. These icm/dot genes have been identified by screening for L. pneumophila mutants that cannot kill human macrophages (Sadosky et al., 1993) . These mutants were found also to be defective for intracellular multiplication (Segal and Shuman, 1997; Purcell and Shuman, 1998) . Mutants in several of these genes were also tested for additional phenotypes, such as (i) co-localization with the late endosomal marker LAMP-1 Andrews et al., 1998) ; (ii) immediate cytotoxicity (Kirby et al., 1998) ; (iii) organelle trafficking (Berger and Isberg, 1993) ; (iv) inhibition of phagosome lysosome fusion (Wiater et al., 1998) , and were found to be defective or attenuated for these phenotypes as well.
The most striking finding about the proteins predicted to be encoded by these genes was that four of them (IcmP, IcmO, IcmL and IcmE) contain significant sequence similarity to plasmid-encoded proteins involved in DNA transfer (Segal and Shuman, 1997; Segal et al., 1998; Vogel et al., 1998) . This homology prompted us to test whether wild-type L. pneumophila can mediate plasmid DNA transfer. Conjugation was tested with a derivative of the mobilizable, but non-self-transmissible, heterologous IncQ plasmid RSF1010 (Scholz et al., 1989) . Wild-type L. pneumophila conjugate this plasmid in a frequency of about 10 ¹3 transconjugants per donor and the conjugation process was found to be dependent on several icm/dot genes (Segal et al., 1998; Vogel et al., 1998) .
To find out whether the participation of icm gene products in conjugation is relevant to its function during infection of human macrophages, we took advantage of the conjugation process that uses several icm/dot genes, and important information was found: (i) the icm genes are required only in the donor; (ii) conjugation was found to be dependent on a functional MobA protein, suggesting that the conjugation substrate is probably a nucleoprotein complex (MobA-ssDNA); (iii) conjugation was found to occur during lag phase; and (iv) transcription or translation was shown not to be required in the donor in order for conjugation to occur. Taking all these results together, our data strongly suggest that stationary-phase bacteria already contain functional icm machinery that can mediate conjugation between bacteria and probably also initiate infection of human macrophages.
As described above, four Icm proteins (IcmP, IcmO, IcmL and IcmE) were found to contain significant sequence similarity to plasmid-encoded proteins involved in DNA transfer. Three other virulence systems were shown to contain genes homologous to plasmid genes involved in conjugation. The A. tumefaciens VirB proteins are highly homologous to the Tra proteins of the IncN plasmid pKM101. The function of the A. tumefaciens vir gene products is to transfer the T-DNA into plant cell nuclei (Christie, 1997a) ; the natural substrate of the A. tumefaciens vir system is probably a nucleoprotein complex of VirD2-T-DNA coated with the VirE2 protein. The A. tumefaciens VirB and the pKM101 Tra proteins are also homologous to the Ptl proteins of the human pathogen Bordetella pertussis (Winans et al., 1996) . The ptl system is known to direct the export of the six-subunit pertussis toxin across the B. pertussis envelope. Another system that was shown to encode proteins with sequence similarity to the A. tumefaciens VirB4, VirB9, VirB10, VirB11 and VirD4 is the cag pathogenicity island of Helicobacter pylori (Tummuru et al., 1995; Censini et al., 1996; Covacci et al., 1997) . The Cag proteins are postulated to function in the export of a factor that stimulates induction of interleukin 8 secretion in gastric epithelial cells (Christie, 1997b; Covacci et al., 1997) . The three systems described seem to be dedicated to protein transfer, and the A. tumefaciens systems that transfer DNA do so for DNA that is connected to and associated with proteins. The A. tumefaciens vir system and L. pneumophila icm system share only low sequence similarity [DotB and IcmE exhibit homology to VirB11 and VirB10 ], but both these systems have a similar biological function in the sense that both systems were found to transfer the heterologous plasmid RSF1010, probably as a nucleoprotein complex (MobA-ssDNA) between bacteria (Beijersbergen et al., 1992 ; and this study). Moreover, the natural function of both systems is inhibited by the presence of an active RSF1010 mobilization system. As we clearly show, the presence of an active RSF1010 mobilization system reduced the ability of L. pneumophila to multiply within and kill human macrophages, probably by competing with the natural substrate of the transfer apparatus. A similar result was also observed in the A. tumefaciens vir system where an active RSF1010 mobilization system was shown to inhibit tumorigenesis and transfer of T-DNA into the plant cells by competing on the transfer apparatus (Binns et al., 1995; Fullner, 1998) .
Several findings support the hypothesis that the Icm/Dot complex transfers effector molecules into the host cell and these effector molecules influence the intracellular fate of L. pneumophila. These include the sequence similarity to conjugation-related genes, a similar biological function as the A. tumefaciens vir system, together with the results showing that an active RSF1010 mobilization system inhibits killing and intracellular multiplication of L. pneumophila in human macrophages. Thus, according to our model, at least two classes of Icm/Dot proteins are expected. One class of proteins comprises, or helps to build, the transfer complex or transferosome. The second class is 'effector' molecules, which are transferred to the host cell and probably interact with components of the host cell that are involved in phagosome formation and fate. We think it is unlikely that the natural substrate of the icm system contains DNA (as in the A. tumefaciens vir system), because prevention of phagosome-lysosome fusion occurs very soon after infection (Roy et al., 1998; Wiater et al., 1998) and there is probably not enough time for DNA to be transferred and expressed. It is therefore likely that L. pneumophila transfers effector proteins into the host cell. The major function of these effector proteins is probably to inhibit or modify the endocytic pathway in a way that blocks fusion between the L. pneumophila containing phagosome and secondary lysosomes.
Experimental procedures
Bacterial strains, plasmids and media Bacterial strains and plasmids used in this work are described in Table 2 and Table 3 respectively. Bacterial media and antibiotic concentrations were used as described previously (Segal and Shuman, 1997) .
L. pneumophila mating
Recipient and donor L. pneumophila strains were taken from ABCYE plates after 72 h of growth. Donor strains were suspended in AYE medium containing chloramphenicol (Cm), and recipient strains were suspended in AYE medium without antibiotics. The cultures were grown overnight on a roller drum at 37ЊC to stationary phase [indicated by the production of the brown pigment (Wiater et al., 1994) ]. A 1.5 ml sample of the overnight cultures was centrifuged and washed with 0.5 ml of M63 medium (Miller, 1972) and resuspended in 0.2 ml of M63 medium. An aliquot (10 l) of donor and 10 l of recipient were mixed and spotted on an ABCYE plate, without antibiotics (unless if indicated that antibiotics were used ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 30, 197-208 (1985) during mating), and were incubated overnight at 37ЊC. The bacteria were then resuspended in 0.2 ml of M63 medium and plated, in several dilutions, on ABCYE plates containing appropriate antibiotics in order to determine the number of transconjugants. Spot dilutions of the same bacterial suspension were plated on ABCYE plates containing the appropriate antibiotics in order to determine the number of donor and recipient cells. Conjugation frequencies were calculated as the number of transconjugants divided by the number of donor bacteria at the end of the experiment.
In vitro mutagenesis of pMMB207␣b
Five derivatives of the vector pMMB207␣b (Segal and Shuman, 1997) were constructed, containing the kanamycin (Km) resistance cassette (Pharmacia Biotech), at different locations. The vector pMMB207␣b was partially digested with Sau 3A to achieve a single cut per molecule, the digestion mixture was run on a gel, and the fragment corresponding to the vector containing a single cut was extracted from the gel. The kanamycin resistance cassette was digested with BamHI and ligated to the partially digested and purified pMMB207␣b. The transformation was plated on LB plates containing Cm and Km. By using the known sequence of pMMB207 (http:/ / vectordb.atcg. com/vectordb/vector_descrip/PMMB207.html) and restriction digest with several enzymes, the precise location of the kanamycin resistance cassette was determined. Five plasmids that were found to contain the kanamycin resistance cassette in the mobilization region were used: pMMB207␣b-Km-1 containing the kanamycin resistance cassette in mobC, after amino acid number 9 (base 2713 in the pMMB207 sequence); pMMB207␣b-Km-3 containing the kanamycin resistance cassette in mobA, after amino acid number 237 (base 3652 in the pMMB207 sequence); pMMB207␣b-Km-6 containing the kanamycin resistance cassette upstream of oriV in a region that does not seems to encode for a protein and is outside the oriV region (base 1869 in the pMMB207 sequence); pMMB207␣b-Km-14 containing the kanamycin resistance cassette in mobA, after amino acid number 128 (base 3325 in the pMMB207 sequence); pMMB207␣b-Km-19 containing the kanamycin resistance cassette in mobC, after amino acid number 63 (base 2551 in the pMMB207 sequence).
Plasmid construction
Three plasmids were constructed in the vector pBC-SKþ: the pMMB207␣b origin of transfer (oriT ) was amplified by PCR using the primers 3Ј-GCACCTTGCGCCTTGTTTCG-5Ј (bases 2605-2624 in the pMMB207 sequence) and 3Ј-TGCCTCGCTGTTGCTTTTGC-5Ј (bases 2939-2920 in the pMMB207 sequence), and cloned into the EcoRV site of pBC-SKþ to generate pGS-con-2. The whole mobilization region of pMMB207␣b was cloned into the EcoRV site of pBS-KSþ by using the restriction enzymes HincII and ScaI (bases 1807-5106 in the pMMB207 sequence). The mobilization region of pMMB207␣b without mobC was amplified by PCR by using the same upstream primer that was used to amplify oriT and the primer 3Ј-CCTTCTGTGCGTGAGTAC-TC-5Ј (bases 5124-5105 in the pMMB207 sequence); the PCR product was cloned into the EcoRV site of pBC-SKþ to generate pGS-con-4.
Three plasmids were constructed in the vector pMMB207␣b-Km-14 that contain a kanamycin resistance cassette in the mobA gene. The plasmids pGS-Lc-34, pGS-Lc-36 and pGS-Lc-37 were digested with EcoRI and HindIII and the inserts containing icmPO, icmR and icmTS, respectively, were gel purified. The vector pMMB207␣b-Km-14 was partially digested with HindIII and completely digested with EcoRI and gel purified. The purified inserts from pGS-Lc-34, pGS-Lc-36 and pGS-Lc-37 were cloned into pMMB207␣b-Km-14 to generate pGS-Lc-34-14, pGS-Lc-36-14 and pGS-Lc-37-14 respectively. pGS-Lc-34-14, pGS-Lc-36-14 and pGS-Lc-37-14 contain the same inserts as pGS-Lc-34, pGS-Lc-36 and pGS-Lc-37 but are mob ¹ because of the kanamycin cassette insertion in the mobA gene.
Cytotoxicity assay
The human leukaemia cell line HL-60 (Collins et al., 1978) was used for cytotoxicity assays; the cells were cultured and manipulated as previously described (Segal and Shuman, 1997) . Wells of a 96-well microtitre dish containing 4 × 10 5 differentiated HL-60-derived macrophages were infected with twofold serial dilutions of L. pneumophila in RPMI, starting with about 10 5 bacteria per well. After 48 h of incubation at 37ЊC under CO 2 (5%), the dye MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) was added to each well at a concentration of 0.5 mg ml ¹1 . After incubation at 37ЊC under CO 2 (5%) for 4 h, the culture medium was removed, and the remaining reduced formazan dye was suspended in 100 l of isopropanol containing 0.04 M HCl and 1% sodium dodecyl sulphate. The A 570 values of three wells containing the same multiplicity of infection were averaged to determine the extent of macrophage killing.
Intracellular growth assay
Wells of a 24-well microtitre dish containing 3 × 10 6 differentiated HL-60-derived macrophages were used for infection. L. pneumophila was added to the wells at an MOI of Ϸ 0.1 and centrifuged for 5 min at 800 × g. The infected HL-60 cells were incubated for 30 min at 37ЊC under CO 2 (5%); then the wells were washed twice and RPMI containing 2 mM Gln, 10% NHS and 100 g ml ¹1 gentamicin were added to the wells. After an incubation of 1 h at 37ЊC under CO 2 (5%), the wells were washed three times, and RPMI containing 2 mM Gln and 10% NHS was added to the wells. The well supernatant was sampled at intervals of about 12 h and cfu were determined by plating samples on ABCYE plates.
Construction of strains by allelic exchange
Allelic exchange was performed as previously described (Segal and Shuman, 1997) . The strain GS3011 containing a deletion substitution in the icmT gene was constructed. Amino acids 12-70 of icmT (87 amino acids long) were deleted and the kanamycin resistance cassette was inserted instead; sequence locations are according to the accession number Y15044.
